In this project, we propose to study the low-temperature quantum electrical-and heat-transport properties of nano granular systems such as the metal-insulator composites Cu-SiO 2 . Our samples, to be prepared by dc/RF sputtering deposition technique, are expected to comprise very small metal and insulator grains of only ∼ 2 nm in diameter. The resistivities, magnetoresistivities, (giant) Hall effects, and thermoelectric powers in such samples will be measured at liquid-helium temperatures down to well below 1 K. By varying the volume fraction of the metal (or insulator) grains, the samples can be made to span from the metallic regime to the insulating regime. We also plan to study the electronic transport properties at the critical regime near the metal-insulator transition. In addition to metal-insulator composites, we will investigate the quantum electronic transport properties of metal thin films, narrow wires, and other novel mesoscopic structures. We have fabricated a series of Au 56 Pd 44 thick films with a wide range of residual resistivity 0 varying from 40 to 280 ⍀ cm. The resistivities of these films were measured between 15 and 300 K. We found that at temperatures below about 0.1 D ͑ D is the Debye temperature͒, the interference mechanism between the elastic electron scattering and electron-phonon scattering ͑the electron-phonon-impurity interference effect͒ contributes significantly to the measured resistivities. Our results support the current theoretical idea that this interference-mechanism-induced resistivity varies with 0 T 2 , where T is the temperature. Similar observation has also been made in disordered, conducting transition-metal oxide IrO 2 thick films.
I. INTRODUCTION
The magnitude and temperature behavior of the electrical resistivity ͑T͒ in metals are extremely difficult to calculate quantitatively. In the most standard model for the electrical transport in metals, ͑T͒ is presumed to comprise of two terms: the residual resistivity 0 due to electron scattering from random potential and the temperature dependent part of resistivity due to scattering from lattice vibrations ͑phonons͒. The latter contribution is known as the Bloch-Grüneisen term, denoted by BG ͑T͒. In Matthiessen's rule, these two contributions are expected to be independent of each other, and thus ͑T͒ = 0 + BG ͑T͒. However, it has been known for years that deviations from the Matthiessen's rule exist in many real conductors. 1 Recently, it becomes clear that such deviations can be particularly noticeable in impure conductors. Theoretically, 2 it was proposed that the interference mechanism between the elastic electron scattering and the electron-phonon scattering would lead to an additional contribution to the resistivity. The contribution due to this socalled electron-phonon-impurity interference effect can dominate over the Bloch-Grüneisen term especially at temperatures below about 0.1 D , where D is the Debye temperature. The measured resistivity of a disordered metal should then be written as 2 ͑T͒ = 0 + int ͑T͒ + BG ͑T͒, ͑1͒
where int is due to the electron-phonon-impurity interference mechanism, which was not considered in the Matthiessen's rule.
In this work, we shall concentrate on the temperature regime above 15 K where the corrections to the residual resistivity due to the weak-localization and electron-electron interaction effects 3 are essentially negligible ͑or, the minor contributions of which can be safely subtracted from the measured resistivities͒.
II. THEORY
In disordered metals, the electron-phonon interaction is mainly due to two processes. The first process is the usual "pure" electron-phonon scattering similar to that in clean metals. The second process is due to the inelastic electron scattering from vibrating impurities. As a consequence, a variety of interference processes are generated due to the coexistence of the elastic electron scattering, the "pure" electron-phonon scattering and the inelastic electron scattering. Reizer and Sergeev 2 took into account of all possible electron scattering channels and calculated the contribution from those interference processes to the resistivity ͑ int ͒. In particular, they found that int scales with the residual resistivity 0 of the disordered sample and varies with the square of temperature, i.e., int ϰ 0 T 2 at low temperatures of about T Ͻ 0.1 D . This multichannel interference contribution to resistivity has recently been tested in experiments using thin metals films [4] [5] [6] and metal-dielectric composite nanowires. 7 Less extensive studies have been performed on bulk samples. 8, 9 On using bulk samples, one of the advantages is that the phonon spectra would be definitely three dimensional; 10 three dimensionality of phonons is a criterion that was originally assumed in the theoretical calculations of Ref. 2. Under the conditions that q l,t l Ͼ 1 and int Ͻ 0 ͑where q l,t is the wave number of the longitudinal and transverse thermal phonons, respectively, and l is the electron mean free path͒, the correction to the resistivity due to the electronphonon-impurity interference effect has been explicitly calculated by Reizer and Sergeev. The clean limit criterion of q l,t l Ͼ 1 is equivalent to q l,t l Ϸ k B Tl / ͑បu l,t ͒ Ͼ 1, where u l,t is the longitudinal and transverse sound velocity, respectively. Therefore, the clean-limit criterion is satisfied when the measuring temperature is higher than a characteristic temperature of T l,t * Ϸ បu l,t / ͑k B l͒. The Reizer-Sergeev result for the interference-mechanism-induced resistivity is given by Notice that d͑ int / 0 ͒ / dT 2 = B is a constant for a given material, being independent of the amount of disorder contained in the sample.
In the jellium model with the Bohm-Staver relation for the sound velocity, 2,11 ␤ l = 0.5 and the two coupling constants are related to each other by ␤ t / ␤ l = ͑u l / u t ͒ 2 . The electronphonon coupling constants can be explicitly written as
where m is the mass density, and N͑0͒ is the electronic density of states ͑both spins͒ at the Fermi level. It should be noted that in usual metals, u l / u t Ϸ 2 -3. Thus, inspection of Eq. ͑3͒ indicates that the contribution from the interactions of the electrons with the longitudinal phonons ͑the second term in the square parentheses͒ is negligibly small compared with the interactions of the electrons with the transverse phonons ͑the first term in the square parentheses͒.
It is worth mentioning that, by the same token, current theories 12, 13 and experiments 14 have also established that the total electron-phonon scattering rate in impure conductors is dominated by the interactions of electrons with transverse rather than with longitudinal phonons.
The contribution of the "pure" electron-phonon scattering to the resistivity in a disordered metal has been calculated by Altshuler. 15 His result at temperatures T Ͼ ͑a / l͒ D ͑where a is the lattice spacing͒ is similar to that given by the BlochGrüneisen law 6 ,16
where
Here = l / v F is the electron elastic mean free time, and v F is the Fermi velocity.
Comparison of the theoretical predictions Eqs. ͑2͒ and ͑5͒ reveals that the Bloch-Grüneisen term dominates at high temperatures while the electron-phonon-impurity interference effect dominates at low temperatures of about T Ͻ 0.1 D . Quantitative comparison of these two contributions in our samples is presented in Figs. 2 and 4.
III. EXPERIMENTAL METHOD
Prototypical disordered Au 56 Pd 44 alloy was selected for this study for the following reasons. The substitutional disorder and the structural disorder for the present concentration ratio of the material provide enormous scattering centers and the level of disorder can be "tuned" by adjusting the dcsputtering deposition rate, 17 resulting in a wide range of residual resistivity 0 ͓=͑10 K͔͒ from Ϸ40 to Ϸ280 ⍀ cm in our case, yet the alloy is still at the Au-rich side where the electronic structure at the Fermi level is not much complicated by the d-band. 18 It is well known that Au and Pd form perfect fcc solid solution and it would be safe to treat the alloy as an isotropic material. The details of the sample preparation were described in Ref. 17 . To ensure a threedimensional phonon spectrum as well as to minimize the weak-localization and electron-electron interaction effects at liquid-helium temperatures, we have made our films sufficiently thick ͑տ0.50 m͒ in this study.
In a quantitative comparison of the theory with experiment, the Debye temperature D plays an important role in both the int and BG terms. Therefore, instead of treating D as an adjusting parameter in Eqs. ͑2͒ and ͑5͒, we have experimentally extracted the value of D from specific heat, C, measurements between 0.4 and 40 K. We then evaluated D according to the relation C / T = ␥ + ␣T 2 , where ␥ and ␣ are material dependent parameters. 19 From the value of ␣, we obtained D Ϸ 240 K for our Au 56 Pd 44 alloy. This value is reasonable, compared with the D ͑Au͒Ϸ165 K and D ͑Pd͒ Ϸ 274 K. 20 Since the Debye temperature determined from resistance measurement and that from specific heat measurement differs only slightly, 16 we have fixed D to this value in Eqs. ͑2͒ and ͑5͒ in our data analysis. ͑We have also treated D as a free parameter and found a similar result.͒
IV. RESULTS AND DISCUSSION
A. Au 56 Pd 44 thick films Figure 1 plots the phonon dependent part of the resistivity, ⌬ = − 0 , as a function of temperature for a series of Au 56 Pd 44 thick films with various amounts of disorder as indicated in the caption to Fig. 1 . According to Matthiessen's rule, ⌬ should be independent of disorder, and thus a plot of ⌬ versus temperature for all samples should collapse on a same curve. Obviously, this is not the case found in Fig. 1 . On the contrary, Fig. 1 reveals that the temperature variation of ⌬ is strongly sample dependent, being larger in films with higher 0 . This observation clearly implies that disorder must play a crucial role in determining the temperature behavior of the measured resistivity.
To illustrate the importance of the electron-phononimpurity interference term, we plot in Fig. 2 the variation of ⌬ / 0 with temperature in double logarithmic scales for three representative samples. The measured data for each film were least-squares-fitted to Eqs. ͑1͒, ͑2͒, and ͑5͒, and the relevant parameters were determined. 21 It is clearly seen that the theoretical predictions ͑the solid curves͒ can well describe the experimental results. We notice that at low temperatures of T Ϸ 0.1 D , the measured resistivity is a factor of ϳ3 ͑for our cleanest sample͒ to ϳ5 ͑for our dirtiest sample͒ larger than the Bloch-Grüneisen contribution, indicating the dominant role of the electron-phonon-impurity interference mechanism. Thus, the prediction of Eq. ͑2͒ is realized in the present material system. As the temperature increases, the Bloch-Grüneisen contribution becomes progressively important. Between 20 and 28 K ͑depending on disorder͒, a crossover happens and the Bloch-Grüneisen term eventually determines the measured resistivity, as expected from the standard electrical-transport theory.
The measured and fitted values for the relevant parameters for our samples are listed in Table I . In performing least-squares fits to Eqs. ͑1͒, ͑2͒, and ͑5͒, we found that a single value of B = 7.0ϫ 10 −7 K −2 could be used for all the Au 56 Pd 44 thick films listed in Table I . Since the residual resistivity of our films varies by a factor as large as 7, this result of a constant B provides a strong justification for Eq. ͑2͒. This value of B is a factor of ϳ4 and ϳ1.5 smaller than that found in Au and Al thin films, respectively. film with 0 of order 100 ⍀ cm, the characteristic temperature T t * above which q t l Ͼ 1 is 5 K. This criterion is satisfied in our measurements. Figure 3 shows the variation of the fitted Bloch-Grüneisen prefactor ␤ BG , Eq. ͑6͒, with residual resistivity for our Au 56 Pd 44 thick films. This figure demonstrates that ␤ BG increases with increasing 0 . As 0 varies from 40 to 280 ⍀ cm, ␤ BG increases roughly linearly from 0.10 to 0.30 ⍀ cm/ K. ͑However, there is no prior reason why ␤ BG should vary linearly with disorder.͒ This result is in sharp contrast to the behavior of the interference mechanism prefactor B. As discussed, the prefactor B for all of our films can be fixed at a single value, being independent of disorder. On the other hand, we stress that, when a wide range of 0 is concerned, Fig. 3 indicates that one can by no means fix ␤ BG at a single value for all samples. The issue of applying the Reizer-Sergeev theory to a wide range of disorder for a given material has not been addressed in previous experiments. [4] [5] [6] [7] [8] [9] We notice that our experimental data of ⌬͑T͒ / 0 cannot be described by Eq. ͑1͒ even by fixing ␤ BG to a constant value while allowing D to vary from sample to sample, as At first glance, a prefactor ␤ BG dependent on disorder is unexpected according to the Bloch-Grüneisen law. However, comparison of Eqs. ͑6͒ and ͑3͒ suggests that ␤ BG possess a much stronger dependence on the electronic properties of the material than B does. Therefore, it may not be unplausible to find, in our system, a prefactor ␤ BG revealing a variation with disorder while the prefactor B remaining essentially constant. Physically, the noticeable dependence of ␤ BG on 0 found in Fig. 3 is likely to result from significant modifications of the electron ͑and probably phonon͒ properties of Au 56 Pd 44 with increasing disorder. ͓We should point out that our Au 56 Pd 44 thick films are so disordered that ͑300 K͒ / 0 Ϸ 1.1-1.2.͔ Indeed, systematic measurements of the electronic-transport properties as a whole, including resistivities, thermoelectric powers, and Hall coefficients, have been undertaken on our films. Our results indicate that lattice disorder renormalize the material parameters, leading to an enhancement in the electron-phonon coupling and a reduction in the Fermi velocity of this material. 22 Further theoretical and experimental investigation is definitely necessary to clarify this issue of disorder variation of ␤ BG in Au 56 Pd 44 .
B. IrO 2 thick films
In order to test the validity of Eq. ͑2͒ for a wide range of materials, we have also studied the resistivities of two polycrystalline IrO 2 thick films between 15 and 300 K. The films were prepared by rf sputtering on glass substrates as described previously. 23 The electronic band structure and electrical-transport properties of IrO 2 have been established, both theoretically 24, 25 and experimentally. 26 It is understood that in this metallic material, apart from the usual BlochGrüneisen contribution to the resistivity, there is an additional contribution due to the coupling of electrons with optical-mode phonons ͑this term is important for transitionmetal oxides which contain multiatom bases͒. Therefore, this material can provide a new horizon to test whether the Reizer-Sergeev theory may be applied to conducting transition-metal oxides. In the presence of the electronoptical-mode phonon coupling, the total resistivity can be written as:
Here the last term is treated using the Einstein approximation with a single phonon frequency corresponding to the energy k B E , and can be written as 25 ,26
where ␤ E is a prefactor whose value depends on the material properties. Figure 4 shows the variation of ⌬ / 0 with temperature in double logarithmic scales for one of our IrO 2 thick films. ͑For clarity, we show only one film with various contributions in this plot.͒ The measured data were least-squaresfitted to Eq. ͑7͒ and the relevant parameters were determined and listed in Table I . 27 It is clearly seen that the theoretical prediction ͑the solid curve͒ can well described the experimental result. In particular, at low temperatures of T Ϸ 0.1 D , the contribution from the interference mechanism is a factor of ϳ10 larger than that from the Bloch-Grüneisen term. Thus, the prediction of Eq. ͑2͒ is established, for the first time, in conducting transition-metal oxides. At higher temperatures, the usual Bloch-Grüneisen and the opticalmode contributions become progressively dominant. Eventually, at sufficiently high temperatures ͑well above D ͒, the electron-optical-mode phonon coupling term would surpass the Bloch-Grüneisen term which is due to electron-acousticmode phonon coupling.
Quantitatively, we obtained the electron-phonon-impurity interference prefactor B Ϸ 4.5ϫ 10 −7 K −2 in these two films. This value is close to that ͑Ϸ7.0ϫ 10 −7 K −2 ͒ found in our Au 56 Pd 44 thick films. This agreement, on one hand, supports the idea that IrO 2 possess usual metallic behavior and, on the other hand, establishes the wide validity of the ReizerSergeev theory.
V. CONCLUSION
Using a series of Au 56 Pd 44 and two IrO 2 thick films with different amounts of disorder for resistivity measurements, we have found that the contribution from the electronphonon-impurity interference effect to resistivity int is significant. This interference mechanism dominates over the usual Bloch-Grüneisen term at temperatures below 0.1 D . Our observation confirms the predicted temperature and disorder behavior of int ϰ 0 T 2 . Moreover, our results imply that the electron and phonon properties ͑e.g., the electron-phonon coupling and Fermi velocity͒ of Au 56 Pd 44 may be significantly modified in the presence of strong disorder. This last observation deserves further investigation. 
